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Founc]:fio;: pPQCD & factorization

QCD improved parton model - a success story ever since

® describes quantitatively a large variety
of hard processes in e*e, ep, pp, ..

® key assumption: factorization of 4, 1
long- and short-distance physics g = > fa(Xa, 1) ® fip (xp, 1) ® dFap (1) + O(p_n)
corrections: inverse powers of large scale ab from experiment calculable Ll

® predictive power

® systematic framework to compute

higher order corrections
NLO standard; NNLO known or on the horizon
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QCD improved parton model - a success story ever since

® describes quantitatively a large variety
of hard processes in e*e, ep, pp, ..

® key assumption: factorization of 4, 1

long- and 'short-distance physics 3~ = Zf (Xa; ) @ £ (Xp, 1) © dFab(p) + O(p )
T

corrections: inverse powers of large scale from experiment calculable

® predictive power

® systematic framework to compute

higher order corrections
NLO standard; NNLO known or on the horizon

® small amount of phenomenological
parameters to be determined from data

parton densities, masses, O&s, fragmentation fcts.

parton content of free protons
rather well known by now in broad x,Q% range
some fine details are missing though

from MSTW: 0901.0002
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main idea:

® keep standard pQCD framework and
assume factorization also for nuclei
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assume factorization also for nuclei dpr “— Pt

introduce universal
nuclear PDF
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main idea: pp -> pA
collisions
® keep standard pQCD framework and  do 7 1
. . ; ST L fa Xa, &) :fA &) dUa e 0 =
assume factorization also for nuclei dpr ; (Xa, 1) & £ (xw, 1) (1) (Pr‘%)

introduce universal
nuclear PDF

all nuclear effects are universally absorbed into a set of

non-perturbative nPDFs independent of the hard probe

® very restrictive framework which makes 14 e T T T T
. . 13+ ¢0 PHEN!X?.(X)Z,-. 1«
testable predictions for a slew of hard probes 12 ¢ © STAR2006+" + 114
R REERI = N o I W 13
® complication (often happily ignored): 10 _—
18
nuclear modifications of final-state hadrons Y D e R I
—— HEKN07 (NLO) { &

hard to accommodate (modified fragmentation?) 07 I L

pr[GeV]
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factorization and/or DGLAP evolution will eventually break down - so what?

® nPDFs can parametrize nuclear effects with little bias and without

assuming certain "mechanisms” to model the observed modifications/effects
link fo models of nucleon structure at low scales and proposed nuclear modifications

® a global QCD analysis of many hard probes will reveal tensions
due to the assumed framework (linear DGLAP / factorization)
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factorization and/or DGLAP evolution will eventually break down - so what?

® nPDFs can parametrize nuclear effects with little bias and without

assuming certain "mechanisms” to model the observed modifications/effects
link fo models of nucleon structure at low scales and proposed nuclear modifications

® a global QCD analysis of many hard probes will reveal tensions
due to the assumed framework (linear DGLAP / factorization)

% A
® map out Kinematic regime where nPDF framework applies < saturation 2.,
o . : " region N Qs(Y)
and study transition fo saturation region >
= /“
» transition often characterized by “saturation scale” Qs(x,A) g ) BKUIMWLK
°© 7@
» non-linear effects (recombination) demanded by unitarity § " .\6. '/.
H1 and ZEUS § 1.5
u _ = e (® o)\ DGLAP (% o,
i; e \° / o
o In "\%'JCD In 02
= » no unambiguous hints for saturation in ep down to x = 10~
0 ® HERA preliminary — ACOT full b-Sat dipole ;
T Gssce . Fens ressde 1 E » most promising so far: RHIC hadron vyields in dAu collisions
.02}~ Q°=25GeV’ — NNLO «,=0.1176 =
===  RT optimized «==  NNLO a.=0.1146 ' Lf . . e . g
- bbbt o » effects amplified in eA/pA collisions; “nuclear oompf” « Al/3
10 10 Q2 / GeV?
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thriving experimental programs since the early seventies
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experimental input: x,Q2 plane
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current kinematic coverage
for electron-proton DIS

determines small-x behaviour
of quarks and gluons in
all analyses of proton PDFs
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experimental input: x,Q° plane

10 L
L1l Ll L1l L ul Ll L
10° 107 10t 107 1% 107 1
X
—-—— T —

much more limited coverage
in eA DIS

yet, the best constraint for nPDFs

» low X, low Q?

where saturation is relevant % % v

» high Q2

to test scale evolution

an electron-ion collider
(EIC, LHeC projects)

is in high demand



nuclei behave rather differently
than a simple incoherent
superposition of protons and neutrons

—

1.3 .
[ ® BCOMS(85) oy : i .
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nuclear modifications
traditionally parametrized as ratios

scaling variable (per nucleon)
PN = Pa/A

1

4 ﬂ:;mc;ny facets of nPDFs

quarks and gluons in bound nucleons

exhibit highly non-trivial
momentum distributions

1.5 = antishadowing Fermi-
y i motion
A ™ ssssssssssssrssssnsnsnsmssssnssnsnsnsnnn
1.0 == I I I N BN N B I BN BN B R B N EEEFEEREEERATEEEE
06 - =+ Ye
Yo n shadowing
N - :. :.
02 | Xa Xe
| | lllllll | | llIlllI | | llllll
-3 -2 -1
10 10 10 1
———— T

fiA(XN7 QO) = R;A(XN7 QO) X fip(XN7 QO)

Q2
2pN - q

XN = 0<xn <A
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all measurements usually given in ferms F3 (xn, Q%)
R :
of ratios w.r.t. some light nucleus 9 RaGuie F2 (xn, Q?)

[ZFg/A + (A -Z)F3/A

A _ =
where 105 = A
B nPDFs give distributions in bound proton f.p/A(xN,Qz)

, St - A
B .. assume isospin invariance for HE Q)
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all measurements usually given in ferms o o g o2 Fi(XN,QZ)
of ratios w.r.t. some light nucleus F3 (xn, Q3?)
where Fi = % [z FE/A 4 (A — Z)FY A}
M nPDFs give distributions in bound proton £ (xn, Q?)
B .. assume isospin invariance for 7 bee, @)
conventional ansatz input scale of O(1 GeV) free proton densities

multiplicative nuclear correction factor fip/A (xn, Qo) = R (xn, Qo) ¥ £ (xn, Qo)

Hirai, Kumano, Nagai (HKN) arXiv:0709.3038 ;
used in Eskola, Paukkunen, Salgado (EPS) arXiv:0902.4154 choose ansatz and determine from data

de Florian, Sassot, MS, Zurita (DSSZ) arXiv:1112.6324 :
» works well with small amount of parameters

» cannot account for xn > 1 region [as free proton PDFs limited to O < xn < 1]
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where F2 = % [z FE/A 4 (A — Z)FY A}
M nPDFs give distributions in bound proton £ (xn, Q?)
B .. assume isospin invariance for 7 bee, @)
conventional ansatz input scale of O(1 GeV) free proton densities

multiplicative nuclear correction factor fip/A (xn, Qo) = R (xn, Qo) ¥ £ (xn, Qo)

Hirai, Kumano, Nagai (HKN) arXiv:0709.3038 ;
used in Eskola, Paukkunen, Salgado (EPS) arXiv:0902.4154 choose ansatz and determine from data

de Florian, Sassot, MS, Zurita (DSSZ) arXiv:1112.6324 :
» works well with small amount of parameters

direcf dl’lSde » cannot account for xn> 1 region [as free proton PDFs limited to O < xn < 1]

: : p/A
parametrize nPDFs directly fi (XN7 QO) » still dependent on some free proton PDF to compute ratios
used in Keppel, Kovarik, Olness, .. ("CTEQ) arXiv:0907.2357  » natural to choose same functional form as for proton PDF

COﬂVOIU'l'ional approaCh / choose ansatz and determine from data
. . p/A dy A XN
define nPDF through a weight function £/~ (xn, Qo) = > Wit (y, Qo) ?,Qo
XN

used I de Florian, Sassot (nDS) hep-ph/0311227 » W can be viewed as an effective nucleon momentum density in a nucleus



et |

| / re 1 =~ ¢ \ \
a briefr hisrtory o
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» first NLO analysis x?/d.o.f. = 0.74

» only SLAC & NMC DIS sets and some DY data

» convolutional approach in Mellin N-space

» no error analysis
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» first NLO analysis x?/d.o.f. = 0.74

» only SLAC & NMC DIS sets and some DY data

» convolutional approach in Mellin N-space

» no error analysis
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081 Q%=1Gev?

~— NLO HKN Hirai, Kumano, Nagai - arXiv:0709.3038

» LO and NLO analyses Xz/d.o.f. —

“'CI(x)
W)

» standard DIS and DY data sets

» standard multiplicative ansatz

» first error analysis (Hessian method)

044 - - 0.4 - -
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X X
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NDS de Florian, Sassot - hep-ph/0311227

o2 e, = O

» first NLO analysis
» only SLAC & NMC DIS sets and some DY data

» convolutional approach in Mellin N-space

» no error analysis

12

u  Ca
l-_ "
08 Q'=1Gev?
HKN Hirai, Kumano, Nagai - arXiv:0709.3038
c 3 » LO and NLO analyses e, = 1%
= =
» standard DIS and DY data sets
» standard multiplicative ansatz
e A » first error analysis (Hessian method)
O3%01 001 o1 i 04.301 001 01 1
x » rather “unusual” gluon distribution at large x

X
P— ———




Ep S Eskola, Paukkunen, Salgado - arXiv:0902.4154

» NLO analysis Xz/d.o.f. = 0.8

» usual DIS & DY data
» RHIC dAu data to constrain gluon better

» complicated piecewise multipl. ansatz

» Hessian error analysis
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» NLO analysis Xz/d.o.f. = 0.8

» usual DIS & DY data

» RHIC dAu data to constrain gluon better

» complicated piecewise multipl. ansatz

» Hessian error analysis

» huge anti-shadowing/EMC effect for gluon . . .




Ep S Eskola, Paukkunen, Salgado - arXiv:0902.4154

» NLO analysis  x2/d.of. = 0.8

» usual DIS & DY data

» RHIC dAu data to constrain gluon better
» complicated piecewise multipl. ansatz

» Hessian error analysis

» huge anti-shadowing/EMC effect for gluon
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nCTEQ Keppel, Kovarik, .. - arXiv:0907.2357

» direct ansatz a la CTEQ

> DIS & DY plus CC neutrino DIS data
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» NLO analysis  x2/d.of. = 0.8

» usual DIS & DY data

» RHIC dAu data to constrain gluon better

» complicated piecewise multipl. ansatz

» Hessian error analysis

» huge anti-shadowing/EMC effect for gluon . ; .
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nCTEQ Keppel, Kovarik, .. - arXiv:0907.2357

» direct ansatz a la CTEQ

> DIS & DY plus CC neutrino DIS data

» find tension between NC and CC DIS data
breakdown of factorization
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P> include charged lepton DIS, Drell-Yan, CC neutrino DIS, and RHIC dAu data
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P many different sets fo choose from - take MSTW

Martin, Stirling, Thorne, Watt - arXiv:0901.0002
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why do we need yet another set of nPDFs ?

[J no truly global analysis yet

P> include charged lepton DIS, Drell-Yan, CC neutrino DIS, and RHIC dAu data

[J use up-to-date proton PDFs as reference set

P many different sets fo choose from - take MSTW

Martin, Stirling, Thorne, Watt - arXiv:0901.0002

[J improve on the treatment of heavy flavors

P> e.g. NLO massive Wilson coefficients for CC DIS

Blumlein, Hasselhuhn, Kovacikova, Moch - arXiv:1104.3449
[J provide some estimate of nPDF uncertainties

main questions to address

e do we really see a tension between charged lepton and neutrino DIS data

e do RHIC dAu data imply strong modifications of the nuclear gluon distribution
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> use multiplicative nuclear modification factor fi*(x, Qo) = R{*(x, Qo) x fP(x, Qo)

» initial scale Qo = 1 GeV, NLO DGLAP evolution to all other scales Q > Qo

needs to be flexible enough to accommodate
(anti-)shadowing, EMC effect, Fermi motion

» parametrize both valence distributions as

R2(x, Qo) = €2 x* (1 — x)Pt x [1 + e2(1 — x)72] x [1 + a, (1 — x)72]
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(anti-)shadowing, EMC effect, Fermi motion
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» parametrize both valence distributions as

» data do not allow to discriminate different sea quark flavors (ried in anatysis)
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RA i RA
S (X7 QO) v (Xa QO) = 1

» need another modification factor for gluons
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g & {Oév, Oés, ag;ﬂl;ﬁZaﬁ?naV) a87ag}
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total of 9 parameters per nucleus

f S {ava U, O‘gaﬁlaﬂ%ﬁ& Av, aS?ag}

» A dependence implemented as
£ = e + A A%

» fit does not fix all parameters, assume

Sa, = 0a, 0oy, = Oa,



A dependence

parameitrizing the

total of 9 parameters per nucleus A dependen cetofiRRa AT E

ge {aV,aS,ag7/817/827/837av7as7ag} l_l TTTTTT] T T T TTTTT ] T TTTTT] T T T T TITT] T
C g =¢ ---1F 11>
08 :_ 8 B § - '8’ _: " \'\.\' .
» A dependence implemented as 06 1 r N 1,
04 : 1t \\'\aﬁ -
SZ%JM& N 1r RN
02 =L \, 4105
- 1F N
» fit does not fix all parameters, assume 0F e, 1+ ]
- 1L o (N
02 - s i
(S — 5 5 —= 5 N \ 1 === -4 0
Ag As “g s 04 allfixedbysummles ~~ 3 | o, | )
i I lllllll 1 1 lllllll l‘ | [ I lllllll Ll I lllllll 1 i
- .l - p= -
: - 1r B - 20
— 0, - [~ -
- aé",/‘/ 4 F : -
0 .-_ P —— _- = -
I 1+ — 10
05kF 4L -
. i : B3 i :
parameter Y A é - a 1 B o
v -0.256 0.252 -0.017 I [ I " J[ B i
a’ O'MI —6’89 x 10—‘ 0'286 i 1 L1l Illl 1 1 L1111 Ill 1 ] 1 L1111 III l 1 1 11 Illl 1 n
o 1.994 -0.401 0.286 2 2
B -5.564 5.36 0.0042 10 100 A 10 10° A
32 -59.62 69.01 0.0407
B33 2.099 -1.878 -0.436 - —
ay -0.622 1.302 -0.062
as -0.980 2.33 x 107° 1.505 _
ag 0.0018 2.35 x 10~ 1.505 optimum NLO parameters
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~ overall quality of the it

2

measurement collaboration# points

» optimum parameters determined from Ej'e/Fp NMC 17 18.18
; v ; E139 63 Al
standard chi-squared optimization FL/FP NMC 17 17.35
FF/EP Q* dep.NMC 179 197.36
__ relative normalization or not needed/used FiBe//fiD P E139 17 44.17
artificial weights for certain data sets in DSSZ analysis FE/FP NMC 17 2785
E139 7 966
eX
o /(da. ot dgfh)2 EMC 9 641
= . 1 EX /EP Q% dep. NMC 191 201.63
i Wi > 2 /12
A F{/EP E139 17 1322
i ; Fe /R NMC 16 18.60 NC DIS
uncertainty for each point FCu/FD Eﬁg 179 }éég
DSSZ: add sys + stat in quadrature [+ theor. unc.] FzFe/FjD E139 23 34.95 897. 5/894
F¢/FP E139 7 971
E"/FP EMC 8§  16.59
T Fj/EpP E139 18 10.46
' m'oqe‘l ansatz for pdfs FeJRE iy ey
with initial set of parameters ESe/F}F NMC o 953l
A A NMC 15  11.76
*4 FM/FS NMC 15 693
FL4/Ef NMC 15 771
evolve pdfs to relevant scale FC*/ES NMC 24 26.09
with DGLAP s Efe/Ff NMC 15 10.38
= 2 i NMC 15 4.69
f; * = F5"/EE 0 dep.NMC 145 102.31
E 3 IS NMC [5REeRROESY]
— o Fe
= calculate observable - 2 Z:Fe ki SR
i = 25 NuTeV 75 79.78 CC DIS
and ¥* ? FyFe CDHSW 120 108.20
2
) FyFe CDHSW 133 90.57
¥ minimum? - FyP CHORUS 63 2042 488.2/532
Y Py CHORUS 63 7958
do$,/doB,  E772 90 O
optimum set of parameters dopy/dopy  ET72 9 538 D ll Y
P P doks /dob,  ET72 9 977 re an
dol,/dob,  ET72 9  19.29
dot /doB,  EB866 28 20.34 90.7/92
Y2 : 1544.7/1579pts. dofy /dofs ES66 28 2607
total il SR an :
- = dAu->piX
X /d°0-f :0.994 do"/dct?  STAR 30 36.63 u >p' 68'3/61
Total 1579 1544.70
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- technical aspects: Mellin technique

source of trouble: ubiquitous convolutions 1
o: g = [ L) PC)
A Ao e ow i :
dofys = ) £ ® dbiyx 1Creasing leve of ot 74
: dod, =) P2 ®dé,; PN ulness
2oy i j ZTENT) ¢ =
™ = R
& dUdAA_mX = Z fid® fjA R ddjjkx @ D"

“natural language” for pQCD calculations: Mellin moments

Imn R.H. Mellin

Finnish mathematician
1854 - 1933

o) = [ ety

integral fransformation \/\¢
complex Mellin N space N Ren

1
=" AN x N (N Al
o0 =5 [ $(N) A
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~ technical aspects: Mellin technique

source of trouble: ubiquitous convolutions 1
o: g = [ L) PC)
dO'A — fA® das; T i o inCr‘eas' S AN/ S/
e cdn- —9 [evel of painy
: dos, = Y P o fA @déy 1 —rless
Opy = Z i QL ®doy; Lix =S
ij A do A A A,
doga_.rx = Z (o @dfij_xx @Dy
ijk
“natural language” for pQCD calculations: Mellin moments
1 R .
= -1 mn ellin
¢(N) :L dXX ¢(X) N Finnis':.:.amelr:mﬁcian
N 1854 - 1933
integral fransformation \\,\¢>
complex Mellin N space N Ren
1
Xj= — AN x N (N 2
o0 =5 [ H(N)
well-known property: convolutions factorize into simple products g(n) = f(n)xP(n)
v’ analytic solution to DGLAP evolution equations in Mellin space numerically very efficient
v analytic expressions for DIS coefficient functions in Mellin space no K factor approximations needed

V' efficient numerical way to deal with complicated pp/pA cross sections
MS, Vogelsang - hep-ph/0108241



- technical aspects: heavy flavors in CC DIS

charm production in CC DIS is of particular interest

idea: at LO W's' — ¢ s' = |Ves|?s + [Vea|?d

» important to include charm mass through slow rescaling prescription & = x(1 + m?/Q?) Barnett 76

» prescription also needed for consistent factorization of collinear singularities in NLO  Gottschalk ‘81
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technical aspects: heavy flavors in CC DIS
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charm production in CC DIS is of particular interest

idea: at LO W's' — ¢ si= V.95 + [Veq|°d
» important to include charm mass through slow rescaling prescription & = x(1 + m?/Q?) Barnett ‘76
» prescription also needed for consistent factorization of collinear singularities in NLO  Gottschalk ‘81

used to extract strangeness from CC neutrino data in proton PDF fits
need fo control nuclear corrections for Fe and Pb targets

complication: gluonic contributions in NLO  Gottschalk ‘81; Gluck, Kretzer, Reya ‘96; Kretzer, MS ‘99

» dilute sensitivity to strangeness W g — c&’

» keeping charm mass gets more complicated

o =s©+ 52 [ T [HP00) +BPH08)

» make use of recently obtained expressions in Mellin space  Blumlein, Hasselhuhn, Kovacikova, Moch

FEN) =5/ (N) + 22 [HD9(N) ' (N) + HOE(N) g(N)

X 27 :



technical qspecfs: heavy flavors in CC DIS

i

charm production in CC DIS is of particular interest

idea: at LO W's' — ¢ si= V.95 + [Veq|°d

» important to include charm mass through slow rescaling prescription & = x(1 + m?/Q?) Barnett 76

» prescription also needed for consistent factorization of collinear singularities in NLO  Gottschalk ‘81

used to extract strangeness from CC neutrino data in proton PDF fits
need fo control nuclear corrections for Fe and Pb targets

complication: gluonic contributions in NLO  Gottschalk ‘81; Gluck, Kretzer, Reya ‘96; Kretzer, MS ‘99

» dilute sensitivity to strangeness W g — c&’

» keeping charm mass gets more complicated

o =s©+ 52 [ T [HP00) +BPH08)

» make use of recently obtained expressions in Mellin space  Blumlein, Hasselhuhn, Kovacikova, Moch

FEN) =5/ (N) + 22 [HD9(N) ' (N) + HOE(N) g(N)

X 27 :

positive impact on quality of our fit to CC DIS data: 26% gain in X



review of charged lepton DIS data |

fit all “classic” EMC, NMC, and E-139 DIS data

» impose cut Q2 > 1GeV? e Bhe %
» x° = 857.5/894pts. =T A
» neglect, as usual, nuclear effects in deuterium
found to be small in Hirai, Kumano, Nagai
recall
F7(N)=x) e
|

main constraint

0.01 <x<0.8
from DIS data

(@A) + A () (1 + 5=CH(N))
+5>CEN A |

weak indirect constraint
from scale evolution



fit all “classic” EMC, NMC, and E-139 DIS data
» impose cut Q% > 1GeV?
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from DIS data
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Drell Yan di-muon dara

fit all E772 and E866 DY pA data

» di-muons have inv. mass M > 4 GeV (sets scale)

» X2 = 90.7/92pts.

A

11 C/D

de/y / dofy
_7 ——
1 ) 0 s l A} |
— Z

091~ eE772 -1

11 Fe/D <= W/D ~




Drell Yan di-muon data

fit all E772 and E866 DY pA data

>, Shod ==/ MZ/S eiy

DY data mainly help to
disentangle val/sea quarks

» di-muons have inv. mass M > 4 GeV (sets scale)

wt
b x2 = 90.7/92pts. &

gluons through evolution
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Drell Yan di-muon data

fit all E772 and E866 DY pA data
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| CC neutrino DIS data

fit CDHSW, NuTeV, and CHORUS str. fct. data differently with

ﬂ' nuclear matter?

substantial interest: L

W+
» nCTEQ claim of “factorization breaking” for nPDFs = /}X
» neutrino data are a vital constraint on strangeness \/\

(and help to separate quark flavors) in proton PDF fits J2,vATA

dxdy




| _EC nﬁeufrinoDIS data

does a W interact

fit CDHSW, NuTeV, and CHORUS str. fct. data differently with

ﬂ' nuclear matter?

substantial interest: Vi
W+
» nCTEQ claim of “factorization breaking” for nPDFs ——
» neutrino data are a vital constraint on strangeness A \JE}X
(and help to separate quark flavors) in proton PDF fits q2ovATA Lo N A
dxdy 226 gyl B (L= ol iXY(l_E)Fs ’

here is how the “tension” story goes
» CC DIS data probe different combinations of up-/down-type quarks than charged-lepton DIS
» neutrino and antineutrino beams probe 4 different structure functions
(xn) ~ xn[G* + e +d? + 5] (xN)
(xn) ~ xn[u® + ¢ +d* + 54 (xn)
B Gy =i hct ) de o s ()
(x)

xn) ~ [u® + ¢ — (d* +5%)] (xn)



| —EC r;eufrinoDIS data

does a W interact

fit CDHSW, NuTeV, and CHORUS str. fct. data differently with

ﬂ' nuclear matter?

substantial interest: L
W+
» nCTEQ claim of “factorization breaking” for nPDFs ——
» neutrino data are a vital constraint on strangeness A UE}X
(and help to separate quark flavors) in proton PDF fits q2ovATA Lo N A
e xy“F; +(1-y)F, + xy (1 — E)F3 ’

here is how the “tension” story goes
» CC DIS data probe different combinations of up-/down-type quarks than charged-lepton DIS
» neutrino and antineutrino beams probe 4 different structure functions
(xn) ~ xn[G* + e +d? + 5] (xN)
(xn) ~ xn[u® + ¢ +d* + 54 (xn)
B Gy =i hct ) de o s ()
(xn) = [u® +c® — (@* +5%)] (x)
P experiments extract (under certain assumptions)

e F, probes total quark singlet

F — FVA FI?A 9 )
2,3 ( 25 273)/ e F3 probes sum of valence PDFs



| CC neutrino DIS data

fit CDHSW, NuTeV, and CHORUS str. fct. data differently with

ﬂ' nuclear matter?

substantial interest:

» nCTEQ claim of “factorization breaking” for nPDFs

» neutrino data are a vital constraint on strangeness \_/
(and help to separate quark flavors) in proton PDF fits q2ovATA

dxdy

vA . TA vA DA Y \prA,TA
~ xy?F} +(1-y)F, + xy (1 — §)F3

here is how the “tension” story goes

» CC DIS data probe different combinations of up-/down-type quarks than charged-lepton DIS

» neutrino and antineutrino beams probe 4 different structure functions

o~ YIHI T mrrrrm T rrrm

FYA(xn) = xn G + 22 + d? + 52 (xn) 3 e e

o 100 - == CHORUSPb +

FZA(XN> ~ XN [uA It Ll §A] (XN) h
FgA(XN) ~ [—(ﬁA T (—:A) I dA i SA] (XN) .................. .. ..................... wigplasies ol
FZA (xn) o [u? + A — (@ +5%)] (xn0) e

ol .' L1
P experiments extract (under certain assumptions) 10° 10" 1
5 F. probes total quark singlet —
F — FVA FI/A 2 ) ®*r2p q g
2.3 = ( 23 T 2’3)/ e F3 probes sum of valence PDFs kinematics overlaps with

charged lepton DIS data



| _EC nfeufrinoDIS data

does a W interact

fit CDHSW, NuTeV, and CHORUS str. fct. data differently with

P' nuclear matter?

substantial interest: Vi
W+
» nCTEQ claim of “factorization breaking” for nPDFs ——
» neutrino data are a vital constraint on strangeness A \JE}X
(and help to separate quark flavors) in proton PDF fits q2ovATA Lo N A
dxdy 226 gyl B (L= ol iXY(l_E)F3 ’

here is how the “tension” story goes

» CC DIS data probe different combinations of up-/down-type quarks than charged-lepton DIS

» neutrino and antineutrino beams probe 4 different structure functions
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> = Nule e <
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with what we have Vo
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ol A ERET L

P experiments extract (under certain assumptions) / 10° 10" 1

5 % F2 probes totfal quark singlet — ——
R 22—

2.3 = ( 23T 2’3)/ e F3 probes sum of valence PDFs kinematics overlaps with

charged lepton DIS data



find: data remarkably well reproduced by fit x* = 488.2/532pts.
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» absolute cross sections rather than ratios -> more sensitive to set of proton PDF in R (incl. as theor. uncertainty)
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S data (cont'd)

find: data remarkably well reproduced by fit x* = 488.2/532pts.
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» absolute cross sections rather than ratios -> more sensitive to set of proton PDF in R (incl. as theor. uncertainty)

» data feature typical pattern of scaling violations
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data (cont'd)

find: data remarkably well reproduced by fit x* = 488.2/532pts.
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» absolute cross sections rather than ratios -> more sensitive to set of proton PDF in R (incl. as theor. uncertainty)

» data feature typical pattern of scaling violations
» slope of CDHSW data does not match with other data



neutrino DIS data (contd)

CC

- |

find: data remarkably well reproduced by fit x* = 488.2/532pts.

2 2
F2 (Xa Q ) XF3 (X7 Q )
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» absolute cross sections rather than ratios -> more sensitive to set of proton PDF in R (incl. as theor. uncertainty)

» data feature typical pattern of scaling violations some mild tensions

» slope of CDHSW data does not match with other data often with CDHSW data



uu uﬂfuuuu D;ﬁ d

no indication for factorization breaking

find same pattern of nuclear effects for CC and NC DIS
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eutrino DIS data (cont'd)

no indication for factorization breaking

find same pattern of nuclear effects for CC and NC DIS
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» “theoretical data”: F45°

not measured



eutrino DIS data (cont'd)

no indication for factorization breaking

find same pattern of nuclear effects for CC and NC DIS
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» “theoretical data”: FZD not measured

» nCTEQ fits to cross sections not str. fcts.



~ CC neutrino DIS data (cont'd)

no indication for factorization breaking

find same pattern of nuclear effects for CC and NC DIS
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» “theoretical data”: F;D not measured

» nCTEQ fits to cross sections not str. fcts.

» also EPS finds compatible nuclear effects
(no re-fit including CC DIS vyet)
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most difficult probe to analyze (yet, perhaps one of the most interesting ones)
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pion production in dA

most difficult probe to analyze (yet, perhaps one of the most interesting ones)

wanted \ \
known to NLO fragmentation functions

fairly well known for pions

A iy
do dA—>7X —
ijk

free proton PDF
“known” [plus certain all-order resummations]
many contributing subprocesses but what about possible nuclear modifications?

can have an impact even if small
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:: : pionﬁ production in dA

most difficult probe to analyze (yet, perhaps one of the most interesting ones)

doga ..x = Z £l Ao kx ® D7

ijk
; / wanted \ \
fragmentation functions

free proton PDF known to NLO % Y
“known” [plus certain all-order resummations] airly well-knownilcRpiets
many contributing subprocesses but what about possible nuclear modifications?

can have an impact even if small

mid-rapidity neutral pion data from PHENIX and STAR first analyzed in EPS fit
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:: , pionﬁ production in dA

most difficult probe to analyze (yet, perhaps one of the most interesting ones)

doga ..x = Z £l Ao kx ® D7

ijk
; / wanted \ \
fragmentation functions

free proton PDF known to NLO % Y
“known” [plus certain all-order resummations] airly well-knownilcRpiets
many contributing subprocesses but what about possible nuclear modifications?

can have an impact even if small

mid-rapidity neutral pion data from PHENIX and STAR first analyzed in EPS fit
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» find BIG impact on gluon nPDF

08 , v=0 + = EPSO9NLO _
i il - 07 (NLO) i
07 L L | - - - | T
2 4 6 8§ 10 12 14 16

pr [GeV]




:: , pionﬁ production in dA

most difficult probe to analyze (yet, perhaps one of the most interesting ones)

doga ..x = Z £l Ao kx ® D7

ijk
; / wanted \ \
fragmentation functions

free proton PDF known to NLO % Y
“known” [plus certain all-order resummations] airly well-knownilcRpiets
many contributing subprocesses but what about possible nuclear modifications?

can have an impact even if small

mid-rapidity neutral pion data from PHENIX and STAR first analyzed in EPS fit
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:: , pionﬁ production in dA

most difficult probe to analyze (yet, perhaps one of the most interesting ones)
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fragmentation functions

free proton PDF known to NLO % Y
“known” [plus certain all-order resummations] airly well-knownilcRpiets
many contributing subprocesses but what about possible nuclear modifications?

can have an impact even if small
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:: , pionﬁ production in dA

most difficult probe to analyze (yet, perhaps one of the most interesting ones)
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; / wanted \ \
fragmentation functions

free proton PDF known to NLO % Y
“known” [plus certain all-order resummations] airly well-knownilcRpiets
many contributing subprocesses but what about possible nuclear modifications?

can have an impact even if small

mid-rapidity neutral pion data from PHENIX and STAR first analyzed in EPS fit
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what is different in DSSZ analysis

v more data, including also charged pions from STAR
v’ no artificially large weight w.r.t. other data sets

V' try to estimate impact of modifications in hadronization



- pion pro:iuc’rion in dA - contd

what is different in DSSZ analysis
v more data, including also charged pions from STAR
v’ no artificially large weight w.r.t. other data sets

V' try to estimate impact of modifications in hadronization

fragmentation in a medium - what is known ?

R R R RRRAE » effects known to be large in eA
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how to model fragmentation in a medium ?



medium modified fragmentation |

how to model fragmentation in a medium ?

bold attempt: extend FFs to medium modified FFs (“in the background of a nucleus A”) ~ Sassof, MS, Zurita 0912.1311

choose convolution ansatz to modify vacuum FFs DSS vacuum FFs

g

D34 (2, Qo) :/ —W;i(y,A) DiH(gaQO)

AR \

from fit to HERMES and RHIC dAu pion data
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UUU)JUJM ‘modified fragmentation

how to model fragmentation in a medium ?
bold attempt: extend FFs to medium modified FFs (“in the background of a nucleus A’) ~ Sassot, MS, Zurita 0912.1311

choose convolution ansatz to modify vacuum FFs DSS vacuum FFs

/

1
d
1/A(Z QO) / ?y I(Y7A) DF(§7QO)

P

from fit to HERMES and RHIC dAu pion data
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- medium modified fragmentation

how to model fragmentation in a medium ?
bold attempt: extend FFs to medium modified FFs (“in the background of a nucleus A”) ~ Sassof, MS, Zurita 0912.1311

choose convolution ansatz to modify vacuum FFs DSS vacuum FFs

/
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1/A(Z QO) / ?y I(Y7A) DF(gaQO)

P

from fit fo HERMES and RHIC dAu pion data
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» suppressed quark -> pion fragmentation (incr. with A)
» mildly enhanced gluon fragmentation around z=0.5



how to model fragmentation in a medium ?
bold attempt: extend FFs to medium modified FFs (“in the background of a nucleus A”) ~ Sassof, MS, Zurita 0912.1311

choose convolution ansatz to modify vacuum FFs DSS vacuum FFs
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from fit to HERMES and RHIC dAu pion data
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» suppressed quark -> pion fragmentation (incr. with A)

396.0

» mildly enhanced gluon fragmentation around z=0.5

use both DSS vacuum and effective nuclear FFs in DSSZ nPDF analysis



more on mid rapidity pions
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at RHIC (mid rapidity) we probe large z
and mostly pions from gluons
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more on mid rapidity pions

at RHIC (mid rapidity) we probe large z result of our nPDF ft
and mostly pions from gluons
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more on mid rapidity pions

at RHIC (mid rapidity) we probe large z
and mostly pions from gluons

Sassot, MS, Zurita 0912.1311
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» good fit within large exp. uncertainties
» choice of FF has some impact (but not too much)
x? : 68.3 (nFF) — 83.6 (DSS)
» unlike EPS fit, limited impact on gluon (no weight factor)



more on mid rapidity pions

at RHIC (mid rapidity) we probe large z
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» unlike EPS ﬁf, limited impac’r on gluon (no weight factor)
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why interesting

» allows to access smaller x in nucleus

» gets one closer fo the region where
one expects saturation effects
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why interesting

» allows to access smaller x in nucleus

» gets one closer fo the region where
one expects saturation effects

F‘d+Au

data indicate strong suppression
of gluons at small x and low scales

forward suppression well described
within non-linear rcBK evolution (CGC)

what does it take to describe it with nPDFs

~ plons in dAu at forward rapidity

e« h n=2.2, BRAHMS
e h n=3.2; BRAHMS
e« n° <p=4; STAR

—— NLO-CGC
JLA & C. Marquet

Albacete, Marquet




pions in dAu at forward rapidity

why interesting

: PT 4+
» allows to access smaller x in nucleus X1,2 ™ 7 e
S
» gets one closer fo the region where
one expects saturation effects
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forward suppression well described
within non-linear rcBK evolution (CGC)
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why interesting

» allows to access smaller x in nucleus

» gets one closer fo the region where
one expects saturation effects
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data indicate strong suppression o = <rp=4;STAR

of gluons at small x and low scales
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forward suppression well described
within non-linear rcBK evolution (CGC)

Albacete, Marquet
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~ how “"bad” are extreme initial condi’rions?l

we refrain from using the forward dAu data in our analysis ...

.. however, there is enough freedom at small x to enforce a good description

at the expense of strong shadowing
RE(x.Q°=1.69 GeV?)
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we refrain from using the forward dAu data in our analysis ...
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how “bad” are extreme initial conditions?

we refrain from using the forward dAu data in our analysis ...

.. however, there is enough freedom at small x to enforce a good description

at the expense of strong shadowing
REC(x.Q°=1.69 GeV?)
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» DGLAP only predicts the scale evolution

» input usually quickly washed out



we refrain from using the forward dAu data in our analysis ...
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.. however, there is enough freedom at small x to enforce a good description

at the expense of strong shadowing

well, ...
Rf‘u L u, A7 %'g'\ | eluon S
| AR NS
1 -fr* <% s e : ..__.,.(.;._'; ........ ot
i ‘:// 1" x“ 1T = - > P~ -’:,‘ v" i
L ':’I f b o = g b A - - | 4
_':// 5 1" 1
L ._'/,// ' L (
09Ff A R i
L 7 /
Looozizie” 2 /
= -
08 i _ﬁ ) N i ]
- Q’ [GeV’] _
el | 3 /’I
- [
07} i i
L —.—— 100 - / -
----- 1000 L
‘. " suaul y 2 a3aaul -‘). sl . PR 3 2 a2 a3ul - 3 2 aaul E sl X P
10t 107 107 10! 10° 10 10t _ 1
XN XN

11

09

08

0.7

1.6
14
1.2
1.0
0.8
0.6
04
0.2
0.0

» DGLAP only predicts the scale evolution

Re(x.Q°=1.69 GeV?)

]

——==— Weight O
— Weight 40
= Weight 150

|

1

\
\

LS B R R

.
-
L

I rrrrnm
e

I RN

'

» input usually quickly washed out

a strong shadowing of the gluon

would quickly evolve away
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how about u;ing nPDFs in AA collisions ?

many observables of interest involve @ @

small pr, global properties, centrality dependence, ....

nPDFs are collinear objects

there is no impact parameter or other geometrical dependence

recently: EPS nPDFs decorated with some b dependence
Helenius, Eskola, Honkanen, Salgado arXiv:1205.5359

many observables in AA have no “hard scale”
not amenable to pQCD calculations in standard factorizations

assuming factorization in AA is a stretch
there might be some hard probes where things work out though




many observables of interest involve
small pr, global properties, centrality dependence, ....

nPDFs are collinear objects

there is no impact parameter or other geometrical dependence

recently: EPS nPDFs decorated with some b dependence
Helenius, Eskola, Honkanen, Salgado arXiv:1205.5359

many observables in AA have no “hard scale”
not amenable to pQCD calculations in standard factorizations

assuming factorization in AA is a stretch
there might be some hard probes where things work out though

we do not touch AA data for the time being

nPDFs should be determined from probes in eA or pA
preferentially electromagnetic ones (free of hadronization issues)
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not constrained by any data AAAA




SSZ nPDFs and their uncertainties
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5o VAV
® uncertainties below 0.01 merely reflect A\ [\ A\

extrapolation of chosen functional form A /A A
not constrained by any data AAAA

® nuclear modifications quickly diminish under evolution
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DSSZ nPDFs and their uncertainties

o A AL
® uncertainties below 0.01 merely reflect A A A A\

extrapolation of chosen functional form A /A A
not constrained by any data é&é&

® nuclear modifications quickly diminish under evolution

® evolution imprints different nuclear effects

on individual quark flavors
recall: we start with RﬁA = Rg = R‘g”‘
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qu m umr unce mum les

o A AL
® uncertainties below 0.01 merely reflect A A A A\

extrapolation of chosen functional form A /A A
not constrained by any data é&é&

® nuclear modifications quickly diminish under evolution

® evolution imprints different nuclear effects
on individual quark flavors
recall: we start with R2 = Rg — 5

e R2 exhibits textbook-like behavior
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jDSSZ_;PDFEs and their ::u;erfain’ries

uncertainties at input scale of 1 GeV (for gold nucleus)
ke VAN
® uncertainties below 0.01 merely reflect A A A A\
extrapolation of chosen functional form A /\ A A

not constrained by any data VAVAV VAN
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® nuclear modifications quickly diminish under evolution

1L

® evolution imprints different nuclear effects
on individual quark flavors
recall: we start with R = R4 = RS

e R2 exhibits textbook-like behavior
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SSZ nPDFs and their uncer:
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A dependence at Q% = 10 GeV?
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DSSZ uuw@ qu m JU“ mermw']gs

A dependence at Q% = 10 GeV?

® nuclear modifications increase with A

T
llll

Y

\
\
T - 3

T
/

lll'lll]

lllllll'

10%10%107%10°

. 107107103 107107
N AN




certaint ] es ;

® nuclear modifications increase with A

® good agreement with previous fits
for R%. and R2
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® nuclear modifications increase with A

® good agreement with previous fits
for R%. and R2

uv

® less so for R

due to recent changes in free proton PDFs
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DSSZ uuw@ qu m JU“ mermw']gs

A dependence at Q% = 10 GeV?

® nuclear modifications increase with A

® good agreement with previous fits
for R%. and R2

uv

® less so for R

due to recent changes in free proton PDFs

® MUCH less anti-shadowing and
EMC effect than for EPS gluon

driven by the way dAu data are analyzed
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perturbatively generated charm and bottom nPDFs

® modifications for ¢,b follow closely the gluon
no surprise, as they are generated from gluon splitting
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DSSZ nPDFs: peculiarities

perturbatively generated charm and bottom nPDFs

® modifications for ¢,b follow closely the gluon
no surprise, as they are generated from gluon splitting

® hierarchy in amount of low-x suppression:
the stronger, the lighter the quark
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the issue of “negative gluons”

® MSTW exercises the possibility of negative glu
at small x and low scales [improves their fit of HERA datd]

perturbatively generated charm and bottom nPDFs

® modifications for ¢,b follow closely the gluon

no surprise, as they are generated from gluon splitting

® hierarchy in amount of low-x suppression:
the stronger, the lighter the quark
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DSSZ nPDFs: peculiarities

m rr———m——m 11 perturbatively generated charm and bottom nPDFs
I[ Q" =100GeV~ '

® modifications for ¢,b follow closely the gluon

no surprise, as they are generated from gluon splitting

® hierarchy in amount of low-x suppression:
the stronger, the lighter the quark
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~ DSSZ nPDFs: peculiarities

m e 11 p@rturbatively generated charm and bottom nPDFs
1| Q=100 GeV” '

® modifications for ¢,b follow closely the gluon

no surprise, as they are generated from gluon splitting

® hierarchy in amount of low-x suppression:
the stronger, the lighter the quark
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~ DSSZ nPDFs: peculiarities

o re——————m 11 p@rturbatively generated charm and bottom nPDFs
I[ Q" =100GeV~ '

® modifications for ¢,b follow closely the gluon

no surprise, as they are generated from gluon splitting

® hierarchy in amount of low-x suppression:
the stronger, the lighter the quark
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one must take trad. ratios R:* with a pinch of salt in NLO




some future avenues for nPDF fits
RHIC & LHC



prompt photons in dAu / pPb

complication: “isospin effects” = dilution of u-quark density from neutrons u(x) < uP(x)

—>» ratio dAu/pp not unity even w/o nuclear modifications

see also Arleo et al, 1103.1471
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prompt photons in dAu / pPb

complication: “isospin effects” = dilution of u-quark density from neutrons u(x) < uP(x)

—>» ratio dAu/pp not unity even w/o nuclear modifications
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T photons

complication: “isospin effects” = dilution of u-quark density from neutrons u(x) < uP(x)

—>» ratio dAu/pp not unity even w/o nuclear modifications
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prompt photons in dAu / pPb

complication: “isospin effects” = dilution of u-quark density from neutrons u(x) < uP(x)

—>» ratio dAu/pp not unity even w/o nuclear modifications
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prompt photons - impact

5 10 15 50 ’5 ® can resolve characteristic differences
L T I P 5 between EPS and DSSZ gluons
) [ /'1'] _3 ST =200GeV in anti-shadowing [and EMC] region
X) | ‘




prompt photons - impact

GeV
5 10 prl (135 ] 50 ’5 ® can resolve characteristic differences
L T I P 5 between EPS and DSSZ gluons
) [ /'1'] _3 ST =200GeV in anti-shadowing [and EMC] region
X) | ‘

pr [GeV] ® can probe into shadowing region




pr [GeV]
5 10 15 20 25
el SY2 _ 200 GeV

prompt photons - impact

® can resolve characteristic differences
between EPS and DSSZ gluons
in anti-shadowing [and EMC] region

® can probe into shadowing region



Yan lepton pairs in dAu/pPb |

LO dO']I::);%( X e [u(Xl)ﬁA(Xz)

_I_e(zi [d(Xl )ElA (Xz)

X1,2 o \/MT/Se:ty



LO doP% xe u(xq)

2
u
2
_I_ed




\

In lepton pairs in dA
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LO doP% xe u(xq)
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Drell Yan lepton pal
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potential of pPb @

first run scheduled for early 2013 see Salgado et al., 1105.3919
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» small x already accessible at mid rapidity

» many conceivable probes
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take away message I

(] first fully global QCD analysis of nuclear PDFs at NLO
Includes charged lepton DIS, neutrino DIS, Drell Yan, and dAu pion data

] main observations

no tension with neutrino DIS dafa (unlike in nCTEQ fit)
much more moderate modifications of gluon from RHIC data (unlike in EPS fit)

[] technical advances

treatment of heavy quark mass effects
use of numerical efficient Mellin technique throughout
uncertainty estimates with improved Hessian method (eigenvector/error sets)

] exciting prospects for upcoming LHC pPb and future RHIC runs
impac’r of elec’rromagne’ric probes (prompt photons and Drell Yan)

more distant future: electron-ion collider (EIC/LHeC)
to study nPDFs, universality, factorization, and the transition to saturation with precision



